and phosphate phosphorus [P-PO 4 ] loads). Calibration and validation were conducted using the SWAT-CUP program and SUFI-2 (Sequential Uncertainty Fitting Version 2) algorithm. The Nash--Sutcliffe effi ciency, which was set as an objective function in calibration of all variables, was equal for discharge to 0.75 and 0.61 for calibration and validation periods, respectively. For TSS, N-NO 3 and P-PO 4 loads NSE was equal to 0.56, 0.62 and 0.53 in calibration period, and 0.22, 0.64 and -1.78 in validation period, respectively. For the calibration period all the results are satisfactory or good, while for the validation period the results for TSS and P-PO 4 loads are rather poor, which is related mainly to the lack of homogeneity between calibration and validation periods. These results demonstrate that SWAT is an appropriate tool for quantifi cation of nutrient loads in Polish agricultural catchments, in particular for N-NO 3 . The model can therefore be applied for water resources management, for quantifi cation of scenarios of climate and land use change, and for estimation of the Best Management Practices effi ciency.
INTRODUCTION
Sustainable management of water quantity and quality has recently become a major issue in the face of decreasing water resources and increasing water demand throughout the country (Kundzewicz et al. 2010 ). According to the surface water availability index (annual out-fl ow magnitude divided by the number of inhabitants), Poland -with very low water resources -is classifi ed at the bottom of the list of the European countries (Mioduszewski 2008) . In addition, the rapid economic development and agriculture intensifi cation in Poland during the 20 th century led to the increasing scale of eutrophication of the Baltic Sea (Glasby and Szefer 1998), due to excessive loadings of biogenic substances such as nitrates and phosphates. In order to prevent this negative phenomenon and reverse the trend, complex activities, resulting from the regulations of the Water Framework Directive (2000) have to be undertaken. One of the tasks related to the provision of the WFD is development of effective monitoring system necessary to track and investigate the environmental response to alterations in catchment management. However, the assembled dataset of observations does not explain the processes by itself, but only presents the fi nal response, leaving the driving forces, which trigger the changes, uninvestigated. Hence, a modelling tool such as the Soil and Water Assessment Tool -SWAT (Neitsch et al. 2011) can be helpful in providing a detailed description of processes occurring in catchment through simulations transforming input data into output signal determining the water quantity and quality. The SWAT model has proven to be an effective simulation tool, which is manifested by its growing worldwide use (Arnold et al. 2012) , in particular in the USA (Srinivasan et al. 1998 , Amatya et al. 2008 , in the Baltic Sea region: in Finland (Tattari et al. 2009 ), Sweden (Ekstrand et al. 2010) , Denmark (Hoang et al. 2012) , and Poland (Ostojski 2012 , Piniewski et al. 2013 , Smarzyńska 2013 . This study was carried out in the Reda catchment situated in northern Poland (Fig. 1) , draining an area of 482 km 2 to the Puck Lagoon (inner Puck Bay, part of the Gulf of Gdańsk). Its objective was to: (1) develop the model set-up of the Reda catchment, (2) calibrate and validate the model against daily water discharge, and bi-monthly measurements of total suspended sediment (TSS), nitrate nitrogen (N-NO 3 ) and phosphate phosphorus (P-PO 4 ) loads.
MATERIAL AND METHODS

Study area
The River Reda is situated in northern Poland in Pomeranian Province (Fig. 1) , in the proximity of the Tricity (Gdańsk, Gdynia, Sopot) metropolitan area. Its drainage area equal to 482 km 2 is the largest sub-catchment of the Puck Bay catchment. It belongs to the marine area of the Nadmorski Landscape Park, a designated HELCOM Baltic Sea Protected Area.
The annual mean basin-averaged precipitation is 793 mm, while the average (1991-2010) daily minimum and maxi-FIGURE 1. The Reda catchment (A) and its land cover map (B) mum temperatures are -1.5 and 2.9°C for January, and 15.4 and 21.5°C for July (based on the nearby Institute of Meteorology and Water Management -IMGW station in Gdynia).
The watershed is characterized by a hilly landscape, where the maximum elevation reaches 234 m a.s.l. and sandy soils dominate the landscape. In the northern part valley is fi lled with peat deposits that stretch from west to east. The catchment area is predominantly occupied by agricultural land (51.2%) and forests (41.6%), whereas the share of urban land yields 6.6%. The prevailing crops on better quality soils are spring cereals, whereas potatoes and winter cereals on poor quality soils. The majority of grasslands are cultivated as permanent meadows and pastures.
N-NO 3 and P-PO 4 are the two most dominant forms of N and P species in the Reda waters (Bogdanowicz et al. 2007) . For this reason, these two forms were selected for modelling in this study.
Modelling tool
SWAT is a physically based, semi-distributed, continuous-time model that operates on a daily time step and simulates the movement of water, sediment, and nutrients on a watershed scale. The smallest unit of discretization is a unique combination of land use, soil, and slope overlay, referred to as a hydrological response unit (HRU). Runoff is predicted separately for each HRU and then aggregated to the sub-basin level and routed through the stream network to the main outlet in order to obtain the total runoff for the river basin.
No matter what type of problem one studies with SWAT, water balance is the driving force behind everything that happens in the watershed. For this study, we selected the modifi ed USDA Soil Conservation Service (SCS) curve number method for calculating surface runoff and the Penman-Monteith method for estimating potential evapotranspiration. Channel routing was modelled using a variable storage coeffi cient approach. SWAT uses the degree-day method for snowmelt estimation.
SWAT uses a plant growth model to simulate all types of land covers that is based on EPIC (Williams 1990) . The plant growth model is used to assess removal of water and nutrients from the root zone, transpiration, and biomass/ /yield production. Erosion and sediment yield are calculated for each HRU using the Modifi ed Universal Soil Loss Equation -MUSLE (Williams and Berndt 1977) , which uses the amount of runoff as an indicator of erosive energy. Sediment transport in the channel network is a function of two processes, deposition and degradation. The occurrence of these processes is determined by the stream power, the exposure of a channel's sides and bottom to the erosive force of the stream and the composition of channel bank and bed sediment.
SWAT tracks the movement and transformation of several forms of nitrogen and phosphorus in the watershed. In the soil, the model simulates principal processes included in the nutrients cycle that control the transformation of nutrients from one form to another. In the nitrogen cycle, the main processes are: denitrifi cation, nitrifi cation, mineralization, plant uptake, decay, fertilization, volatilization, and in the phosphorus cycle they are: mineralization, fertilization, decay, and plant uptake. Nutrients may be introduced to the main channel and transported downstream through surface runoff and lateral subsurface fl ow. The in-stream water quality component allows the researcher to control nutrient transformations in the stream. The instream kinetics used in SWAT for nutrient routing are adapted from QUAL2E (Brown and Barnwell 1987) . The model tracks two pools of nutrients: those dissolved in the stream and those adsorbed to the sediment. Dissolved nutrients are transported with the water while those adsorbed to sediments are allowed to be deposited with the sediment on the bed of the channel.
Model setup
In this study a 50-meter resolution Digital Elevation Model (DEM), acquired from Voivodeship Centre of Geodesy and Cartography Documentation in Gdańsk (WODGiK), has been used for automatic catchment delineation and its division into 30 sub-catchments (Fig. 1) Institute in Gdynia (IMGW-PIB). In the studied area four main point sources of pollutants were identifi ed based on the data from Regional Water Management Authority in Gdańsk (RZGW). The calendars of management practices included nine main crops and were describing the exact dates, types of operations and their detailed parameterisation separately for each crop. The necessary information for defi ning these data was acquired from statistical data and interviews with the staff of the Pomeranian Agricultural Advisory Board in Gdańsk (PODR).
Model calibration approach
SWAT is a river-basin scale model, in which hydrological cycle drives the water, sediment and nutrient movement. Due to a large number of parameters, SWAT requires conducting calibration which includes fi tting simulations to observations, usually by using automatic routines of various types. Calibration should be preceded by the sensitivity analysis which measures the response of model outputs and objective function to altering input parameter values. Model validation is usually conducted using calibrated parameter values for a different time period than the one used in calibration.
In this study in the Reda catchment, analyses were focused on four different variables (listed below) for which observations are regularly assembled and used in calibration and validation time periods as presented in brackets below. The entire process consisting of sensitivity analysis, calibration and validation was conducted in four iterations related to different variables simulated by the model: Sensitivity analysis of parameters potentially affecting P-PO 4 load (excluding the parameters selected in point 1b, 2b and 3b),
Selection of calibration parameters, Calibration (time period 1998--2002) , Validation (time period 2003 Validation (time period --2006 , Writing best fi t parameters into the SWAT project. Simulation of nutrient loads is signifi cantly conditioned by the hydrological cycle and thus the accuracy of calculations depends on the properly conducted calibration of discharge. The aim of this stage of calibration is to refl ect spatial and temporal variability of water balance in the analysed catchment and to satisfactorily reproduce variability of daily streamfl ow.
Daily discharge time series from three gauging stations (the River Bolszewka at Bolszewo and the River Reda at Zamostne and Wejherowo, Fig. 1 ) were acquired from IMGW-PIB in order to perform step 1 from the aforementioned list. The following three steps concerned calibration of sediment, nitrate and mineral phosphorus loads, based on the dataset acquired from the General Inspectorate of Environmental Protection in Gdańsk (GIOŚ), containing bi-monthly measurements of sediment and nutrient concentrations of the Reda at Wejherowo between 1998 and 2006. Average daily loadings (kg/day) of selected water quality parameters were calculated based on daily discharge data (m 3 /day) at Wejherowo gauging station.
The SWAT-CUP program (Abbaspour 2008) was used for sensitivity analysis, calibration and validation. The main function of this tool is to provide a link between the input/output of a calibration program and the SWAT model through
iterative altering of parameters values (selected beforehand during sensitivity analysis) using SUFI-2 (Sequential Uncertainty Fitting Version 2) algorithm that combines optimization with uncertainty analysis. Tables 1 and 2 show the parameter names and defi nitions used for calibration of discharge and TSS loads, and N-NO 3 and P-PO 4 loads. The calibration process is considered as successfully completed when the satisfactory values of defi ned objective function (e.g. Nash-Sutcliffe effi ciency -NSE; Moriasi et al. 2007 ), p-factor and r-factor (uncertainty parameters) are obtained.
The p-factor represents the percentage of measured data bracketed by a 95% prediction uncertainty (95PPU), and the r-factor quantifi es the average thickness of the 95PPU uncertainty band divided by the standard deviation of the measured data. In this study NSE was used as an objective function for each of the model outputs, however, we kept track of other goodness-fi t values (coeffi cient of determination -R 2 , percent bias -PBIAS) and uncertainty indicators (p-factor, r-factor).
Each calibration/validation model run was performed with a warm-up period of 
RESULTS AND DISCUSSION
Figures 2 and 3 illustrate simulated versus observed fl ows, TSS load, N-NO 3 load and P-PO 4 load, for the calibration and validation periods, respectively. The graphs illustrating variability of discharge are presented with daily time step, whereas other graphs with bi-monthly time step. The assessment criteria of hydrological model performance are varied in literature. For the SWAT model the most commonly used criteria were developed by Moriasi et al. (2007) . According to these criteria, simulation of daily discharge by SWAT can be assessed as good. Both NSE and R 2 exceed 0.7 in calibration period and percent bias does not exceed 10% (Table 3). The underestimation of runoff occurs usually in the fi rst quarter of the year (January -March) which is the high fl ow period, with frequent snowmelt and rain events.
Figures 2 and 3 present discharge simulation results only for the Reda at Wejherowo, whereas two other fl ow gauges situated upstream of Wejherowo (Fig. 1A) were used as well in calibration and validation. The goodness-of-fi t measures were only a little worse for those stations than for Wejherowo; NSE and R 2 were equal to 0.58 and 0.65 for Zamostne and 0.60 and 0.60 for Bolszewo.
The Reda catchment is characterised by the highest mean specifi c runoff (q, mean discharge per unit area) in the Polish Plain, exceeding 10 l/s/km 2 (Stachý and Biernat 1987, Bogdanowicz et al. 2007 ). Furthermore, q exhibits a clear gradient from the seaside (5-6 l/s/km 2 ) towards the upland (12-15 l/s/km 2 ). A similar scale of spatial variability was obtained as a result of modelling in SWAT.
Another feature of the Reda catchment is very high (compared to other catchments in the Polish Plain) contribution of groundwater in total runoff. According to the map of groundwater contribution to streamfl ow, two classes are , respectively) and discharge variability is also exceptionally low. Modelled and observed coeffi cient of variation of daily fl ows equalled to 0.47 and 0.48, respectively.
Simulation of N-NO 3 load is good, which is refl ected by relatively high values of performance measures (NSE for calibration and validation period reached 0.62 and 0.64, respectively) and visual inspection of plots in Figures 2C and 3C . It is noteworthy that SWAT correctly simulates seasonal variability of N-NO 3 load -the highest values are observed during winter and the lowest during summer. Similar pattern was found for British agricultural catchments by Heathwaite and Johnes (1996) , who suggested that low N-NO 3 concentrations in summer months coincide with low discharge and low dissolved oxygen concentrations. In the Reda catchment observed N-NO 3 concentrations are strongly correlated with discharge (R 2 equal to 0.45 for the time period 1998-2006). The mass balance of transported nitrate load is well conserved -PBIAS for calibration and validation periods is equal to -4% and 3%, respectively.
Simulation results for sediment load are worse than those for discharge and N-NO 3 loads, especially during validation period (Fig. 3B) . It is noteworthy that the temporal variability of sediment load transported through the River Reda at Wejherowo gauging station is relatively low, which is determined by low variability of discharge and generally low TSS concentration (the values exceeding 50 mg/l occurred only twice per 206 observations carried out in years [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] .
The results of P-PO 4 calibration are good for calibration period and poor for validation period. NSE for calibration period equals 0.53, whereas for validation period -1.78. This poor result is partly infl uenced by unsatisfactory TSS load simulation during validation period, as signifi cant amount of P-PO 4 is transported with sediment. Another possible reason for such a large difference between calibration and validation might be the lack of homogeneity of observed data between two periods. Both the loads and concentrations of P-PO 4 demonstrate smaller seasonal variability compared to corresponding loads and concentrations of N-NO 3 . For example, correlation between P-PO 4 concentration and discharge was observed only for the calibration period (R 2 = 0.15, compared to 0 for validation period). Figure 4 illustrates monthly variability of the observed mean TSS, N-NO 3 and P-PO 4 concentrations in calibration and validation periods. In the calibration period maximum values of P-PO 4 concentration occurred in winter, whereas in the validation period in summer. Also for TSS monthly variability differed to a large extent between two periods. In contrast, N-NO 3 concentrations were quite similar in both periods. Hence, it is argued that this lack of homogeneity explains observed differences in goodness-of-fi t measures in validation period, that were good for N-NO 3 and poor for sediment and P-PO 4 . The model was not able to simulate accurately maximum P-PO 4 loads observed in summer months, whereas in winter of 2003 and 2004 maximum loads were simulated by the model despite not being present in measurements. It is noteworthy, however, that the mass balance of P-PO 4 was simulated accurately (percent bias for calibration and validation periods yielded -2% and 5%, respectively).
The plots shown in Figures 2 and 3 illustrate the best fi t simulation results against the observations as well as the 95PPU uncertainty band corresponding to the fi nal parameter ranges obtained in SUFI-2. In addition the uncertainty measures were presented separately in Figure 5, which shows that p-factor reached similar values for all variables (75-77%) in calibration period. The variability of r-factor was signifi cantly higher: high for sediment (1.06) compared to the rest of variables (0.61-0.72). During validation period the uncertainty measures were slightly worse than in calibration period for discharge and signifi cantly worse for P-PO 4 . FIGURE 4. Observed mean monthly concentrations of TSS (A), N-NO 3 (B) and P-PO 4 for calibration (1998-2002) and validation (2003-2006) periods Parameter values related to the best simulation found using SUFI-2 (cf. Tables 1-2) were written into the model. Afterwards a 20-year-long simulation run was executed which defi ned the current hydrological and geochemical conditions in the Reda catchment. Mean annual total runoff was equal to 299 mm. Because there was a very low proportion of surface runoff in water yield (8%) authors found that an area-specifi c load of N-NO 3 in surface runoff was only 0.44 kg N/ha/year, compared to 2.29 and 1.15 kg N/ha/year in subsurface runoff and basefl ow, respectively. This difference can be explained by high percolation of dominating sandy soils contributing to high N-NO 3 leaching into the shallow aquifer, and by relatively high slopes in the study area contributing to high N-NO 3 loading in subsurface runoff. Mean annual TSS loads were in accordance with other data sources (Szymczak and Piekarek-Jankowska 2007) as were mean nutrient loads 1 at the watershed outlet.
The simulation results for the Reda catchment can be compared with other modelling studies in small agricultural catchments in northern Europe. Lam et al. (2009) obtained similar accuracy of simulations for both the magnitude and the dynamics of nitrate load, maintaining the seasonal variability. They also found a strong correlation between N-NO 3 concentration and discharge explaining the underestimation of loads in winter season occurring in Kielstau catchment due to lower peak fl ows simulated by the model. Similar results were presented by Schmalz et al. (2008) for the same catch-ment where underestimation of loads in winter season was explained by higher nitrogen mobilisation not represented by the model. In the Reda catchment such underestimation has not been noted, though. In contrast, Glavan et al. (2011) reported poor goodness-of-fi t for nitrate simulation using SWAT in the Axe catchment in south-western England. Their results were particularly poor for daily concentrations (the model showed excessive variability compared to observations), while they were substantially better for nitrate loads. Interestingly, Glavan et al. (2011) showed excellent model performance for phosphate simulation. This can be partly explained by the fact that point sources constitute almost half of the P-PO 4 loads in this catchment, while in the Reda catchment it is approximately 5%. Furthermore, phosphate concentrations and loads in the Axe have quite regular seasonal variability, with peaks observed in summer and lowest values in winter. In the Reda catchment no such seasonality pattern in P-PO 4 was observed. Finally, Ekstrand et al. (2010) who applied SWAT for modelling (total) phosphorus losses in fi ve catchments in central Sweden obtained results varying from unsatisfactory to good. They pointed out two potential reasons for unsatisfactory model predictions that in our opinion fi t as well to the Reda case. The fi rst reason is that the prerequisite for obtaining satisfactory results for validation period is that the range of hydroclimatological conditions is similar as in calibration period, which was not the case for the Reda catchment as manifested by the mean monthly phosphates concentrations (cf. Fig. 4C ). The second reason is lack of using fl ow-proportional measurements of nutrient concentrations, which was the case both in Sweden and Poland. As shown in Figure 3D the model simulated two large peaks in P-PO 4 loads in winter 2003 and 2004 that were not visible at all in measured data. However, it is possible that elevated concentrations were present in reality, but were not captured by rare nutrient concentration sampling.
CONCLUSIONS
The fi rst step of this study was development of the SWAT model set-up using available input data characterising various spatial attributes of the Reda catchment. The accomplishment of the fi rst part allowed to use the model to investigate the variables of interest. Further steps conducted during the research led to following conclusions:
The accurate description and parameterization of basin-scale models is extremely important in the process of calibration and validation in which the model simulations have to meet the observations. The results of this study confi rm that the complexity of the model set-up was good enough for providing meaningful model estimates. This is not evident, since the interplay between the catchment size and model setup complexity plays a crucial role for the quality of model simulations (Piniewski 2012).
SWAT is an appropriate model for simulating water yield and nutrient loading in catchment scale in Polish conditions. Among the investigated variables, the most reliable simulations were obtained for discharge and nitrates, and slightly worse for TSS and phosphates. 
